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CNS development: The obscure origins of adult stem cells
Sally Temple
Stem cells of the adult central nervous system are the
focus of a great deal of attention because of their
potential for making new neural cells. A recent study
has claimed to identify their in vivo location, but this
important issue remains controversial.
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The discovery of stem cells in the adult central nervous
system (CNS) revolutionized our thinking about the limits
of neural cell generation, and much excitement surrounds
the prospect that they may be used to develop novel ther-
apies for repairing CNS damage. A number of groups
around the world are now actively pursuing the in vivo
identity of CNS stem cells. The discovery of the anatom-
ical location of such stem cells should make it possible to
trace what happens to them in vivo under normal and
pathological conditions, and develop efficient methods of
stem cell isolation. 
A recent paper [1] has suggested that these stem cells
reside in the ependymal layer that lines the CNS ventri-
cles. News of this study caused a stir in the stem cell
field, and beyond. In a New York Times report, the
ependymal layer cells were described as having a Clark
Kent/Superman existence — seemingly ordinary cells
with incredible hidden potential, a possibility that “you
would never guess in a million years”. In fact, it has been
guessed at and investigated by other researchers in the
stem cell field, who have come to a different conclusion. I
shall discuss the experiments that led to this interesting
but controversial claim, and suggest approaches that may
clear the controversy regarding the in vivo localization of
CNS stem cells.
The notion that stem cells exist in the adult CNS was first
sparked by observations of adult neurogenesis. The first
direct evidence for the existence of CNS cells with the req-
uisite regenerative power came from culture studies. When
grown in vitro in the presence of growth factors, a small
population of adult CNS cells divide actively to produce
large numbers of progeny that, under some culture condi-
tions, accumulate into so-called neurospheres. Clonal
studies showed that the cells that generate neurospheres
are capable of self-renewal and are multipotent — the
spheres contain neurons, astrocytes and oligodendrocytes
— properties characteristic of stem cells. In vivo, CNS cell
lineages are not yet clear, but there is evidence for the exis-
tence of slowly-dividing, multipotent stem cells that give
rise to more restricted, rapidly-dividing progenitor cells that
produce differentiated progeny. Neurosphere formation is
currently used as an indicator of the presence of CNS stem
cells, but it should be borne in mind that the relationship
between the two is not completely understood.
In the mammalian forebrain, neurogenesis continues
throughout life, a phenomenon believed to rely on stem
cells. New neurons enter the rostral migratory stream and
migrate into the olfactory bulb (Figure 1). Neurospheres
have been isolated from forebrain explants that include
part of the subependymal zone, also known as the adult
subventricular zone. For the past few years, the prevailing
idea has been that the subependymal zone is the major
site where forebrain multipotent stem cells are located. 
Three major cell types have been described in the
subependymal zone [2]. Type A cells are restricted
neuroblasts. Type B cells are astrocyte-like and form the
walls of interconnected channels through which Type A
cells migrate. Type C cells are scattered along the channel
walls. It has been suggested that stem cells reside in the
Type B population of subependymal zone cells [2,3]. A
recent paper [1] suggests a different scenario, however:
that slowly-dividing stem cells reside in the one-cell-thick,
ciliated ependymal layer that lines the ventricles, which,
because of its proximity, is often present in subependymal
zone explants. Johansson et al. [1] suggest that ependymal
stem cells produce rapidly-dividing progenitor cells, which
move into the subependymal zone where they generate
neurons destined for the rostral migratory stream. 
The notion that adult stem cells reside in the ventricular
lining has some appeal from an ontogenetic standpoint, as
it is known that, in the embryo, stem cells reside in the
ventricular zone. This may be a superficial connection,
however: while there appears to be continuity between the
embryonic subventricular zone and the adult subependy-
mal zone, the origin of the ependymal layer and its rela-
tionship to embryonic germinal regions is unclear at this
point. The idea does have phylogenetic appeal: in some
non-mammalian species, after damage to, for example, the
spinal cord, ependymal cells are thought to de-differenti-
ate and make new neural cells. Furthermore, mammalian
ependymal cells express high levels of putative CNS stem
cell markers, including nestin and Notch 1.
Johansson et al. [1] tested their hypothesis that adult CNS
stem cells reside in the ependyma using a number of
independent techniques. They injected the fluorescent
dye DiI into the ventricles to label the ependymal layer,
and identified labeled cells moving through the
subependymal zone and thence into the olfactory bulbs.
By injecting adenoviral vectors as cell markers, they
infected ependymal cells and revealed a similar route.
These data are consistent with their hypothesis, but the
cell-labeling techniques have a significant technical
problem. As shown in Figure 1, subependymal zone cells
are only a few microns — the thickness of the ependymal
layer — from the ventricles, and subependymal zone cell
processes sometimes penetrate the ependymal zone.
Inevitably, some subependymal zone cells become
labeled and could be the source of stem cells. 
Recognizing this difficulty, Johansson et al. [1] sought to use
a specific ependymal marker, and they selected Notch 1.
By in situ hybridization, Notch 1 expression is restricted to
the ependymal layer in the adult [4]. The use of antibodies
against Notch 1, however, has shown that, while there is
strong staining for Notch 1 in the ependymal layer, Notch 1
can also be detected on other cell types, such as the adult
oligodendrocyte progenitor cells [5] and adult neurons [6,7].
Johansson et al. [1] found that Notch 1 positive cells made
more neurospheres than Notch 1 negative cells. Even if
Notch 1 is not specific to ependymal cells, this indicates
that Notch 1 expression is prevalent on adult stem cells,
although probably not exclusive (as some spheres were gen-
erated in the Notch 1 negative population). 
Perhaps the most persuasive evidence that stem cells
might reside in the ependymal compartment has come
from a single cell study [1]. Single ependymal cells from
DiI-injected animals were selected under the light micro-
scope, on the basis of having cilia and DiI labeling, and
then transferred by micromanipulation using a pipette into
96 well plates. The isolated cells generated neurospheres
that could undergo differentiation into neurons, astrocytes
and oligodendrocytes, but rather surprisingly, no ependy-
mal cells. The power of this technique is that it gives an
unequivocal description of the fate of an individual cell,
and it has been used to identify multipotent CNS stem
cells from the embryo [8]. The technique requires techni-
cal vigilance, however: one has to ensure that a single cell
enters the pipette, a single cell exits, and that hitchhikers
are not inadvertently added to the culture wells. It is diffi-
cult to monitor this process in 96 well plates, because it is
hard to see the full extent of the wells. But beyond a tech-
nical hitch, these data add substantial support for the
hypothesis proposed by Johansson et al. [1]. Time-lapse
culturing of individual ependymal cells, currently in
progress, should provide an indisputable answer (J. Frisén,
personal communication).
The idea that mammalian ependymal cells might have the
potential for cell division and perhaps regeneration, like
those of non-mammalian species, has been discussed in
the literature for decades. Reports of normal ependymal
cell division have been controversial, however: because
the ependymal layer borders the subependymal zone, it is
sometimes difficult to distinguish the identity of dividing
cells, especially at the light microscope level. A recent
review [9] concluded that mammalian ependymal cells do
not normally divide, though it was conceded that a slowly
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(a) Sagittal section through the adult murine brain showing the
forebrain lateral ventricle and the rostral migratory stream leading into
the olfactory bulb. (b) Coronal section — at the line x–y in (a) — showing
the shape and location of the lateral ventricles. (c) Enlarged view of the
ventricle region in (b), showing the ciliated ependymal layer and the
underlying subependymal zone (in blue). Note that the subependymal
zone is only about one cell thick on the callosal side, and about three
cells thick on the striatal side of the ventricle, but that it expands in the
dorso-lateral corner to give a wedge of cells that run into the rostral
migratory stream. RMS, rostral migratory stream; O, olfactory bulb;
CC, corpus callosum; STR, striatum; NCTX, neocortex; CB, cerebellum.
((a) and (b) are based on figures in [3].)
dividing cell population — such as stem cells — might
have been missed. Johansson et al. [1] found that animals
given a two-week exposure to bromo-deoxyuracil in their
drinking water, followed by a week without bromo-
deoxyuracil, had labeled cells — indicative of recent divi-
sion — in the ependymal zone at the light microscope
level. The pictures are persuasive, but studies in the liter-
ature suggest that higher power images from thin sections
are needed to show this unequivocally.
Chiasson et al. [10] have, on the basis of their recent
results, come to a quite different conclusion to that of
Johansson et al. [1]. Ependymal and subependymal layers
were separated by microdissecting vibratome-made slices
of adult forebrain. After dissociation and culture, the
ependymal cells generated spheres, but they differed from
typical neurospheres, being smaller, comprised solely of
ependymal cells and astrocytes, and often being motile,
swimming around the culture dish. These spheres did not
passage, indicating that the cells they were made up of did
not undergo self-renewal. Typical large, unciliated neuro-
spheres that could undergo self-renewal were readily gen-
erated from the subependymal zone part of the
microdissected slices. 
Furthermore, after a week-long dose of bromo-deoxyuracil
followed by 31 days without bromo-deoxyuracil, no labeled
cells were found in the ependymal layer [10]. Labeled cells
were observed that appeared to be in the ependymal layer
in thicker sections, but careful inspection of thin (approxi-
mately 6 µm) sections revealed that the labeled nucleus
was in a subependymal zone cell rather than an ependymal
cell. The subependymal zone location for stem cells has
received further support from another recent study, in
which a virus that infects only non-ependymal, GFAP-pos-
itive cells from the adult subependymal zone was found to
label cells that made new neurons in vivo and neurospheres
in vitro (A. Alvarez-Buylla, personal communication).
More research is required to determine why these studies
have produced such different results. The crux of the
matter may simply be that it is difficult to distinguish
these two intimately connected cell layers — the
ependyma and subependyma. Inevitably, when studies
are conducted in different laboratories there are technical
differences that must be accounted for. Hopefully, in pur-
suing these, we will come to a better understanding of the
CNS stem cells themselves.
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